P
aracoccidioidomycosis (PCM) is a systemic granulomatous disease initiated by the inhalation of Paracoccidioides brasiliensis conidia, a thermally dimorphic fungus. It is widespread in Latin America, affecting mainly rural workers. Systemic mycoses are the 10th leading cause of death due to infectious diseases in Brazil (26, 27) . Notably, approximately 1,853 (ϳ51.2%) of 3,583 confirmed deaths in Brazil due to systemic mycoses from 1996 to 2006 were caused by PCM (31) . However, since PCM is not yet included in the national mandatory disease notification system, the true annual incidence of clinically significant PCM in Brazil is not known.
First described by Puccia et al. in 1986 (33) , the immunologically dominant glycoprotein of 43 kDa, gp43, is currently the major diagnostic antigen of P. brasiliensis (12) . The gp43 gene has been cloned and sequenced (11) . It encodes a polypeptide of 416 amino acids (M r of 45,947) with a leader peptide of 35 residues, and the mature protein has a single high mannose N-glycosylated site (11) . A B cell-reacting epitope in gp43 has been suggested (8, 43) , and the H-2 d restricted T-cell epitope has been mapped to a 15-mer peptide called peptide 10 (P10) (39) . Different 12-mer sequences containing the hexapeptide HTLAIR induce proliferation of lymph node cells from mice sensitized to gp43 or infected with P. brasiliensis, and the lymphoproliferation induced by either P10 or gp43 involves type 1 CD4 ϩ T-helper lymphocytes. Immunoprotection experiments have been carried out with both gp43 and P10 in combination with complete Freund's adjuvant (CFA). Both gp43 and P10 with CFA induce significant protective responses, as immunized mice studied 3 months after intratracheal infection with virulent P. brasiliensis yeast cells displayed preserved lung architecture and few or no yeasts (39) . In contrast, nonimmunized mice had large numbers of yeasts within epithelioid granulomas in all lung fields.
Immunoprotection by P10 is related to an IFN-␥-producing Th-1 response, since P10 immunization of IFN-␥ or IFN-␥R and interferon regulatory factor 1 (IRF-1) knockout mice was not protective (42) . The key role of IFN-␥ in organizing granulomas to contain P. brasiliensis yeasts has been well characterized by other research groups (6, 7, 9, 20, 28) .
P10 has been validated as a vaccine candidate based on the presentation of P10 by major histocompatibility complex (MHC) molecules from different murine haplotypes (41) as well as by human HLA-DR molecules similarly with other promiscuous peptides derived from gp43 (19) . Examination of gp43 molecules from many different isolates has shown that P10 is highly conserved in nature, with the exception of Paracoccidioides lutzii (32, 40) , which recently has been separated from P. brasiliensis as a species. Additionally, P10 has been shown to be immunoprotective even in formulations that do not require CFA, such as with P10 combined with poly(lactic acid-glycolic acid) nanoparticles (2) .
Dendritic cells (DCs) are the most effective antigen-presenting cells and are distributed in the majority of tissues. Once active, DCs express costimulatory molecules that may promote or regulate T-cell interaction. T-cell activation and proliferation can lead to immunity or to tolerance, thus generating effector or regulatory T cells and different patterns of cytokines (36, 37) . The regulation of T-cell response by DCs in systemic and subcutaneous mycosis has been studied in Histoplasma capsulatum (15) , Coccidioides posadasii (13) , Sporothrix schenckii (44) , and P. brasiliensis (1) . The role of DCs in vaccination is a promising area for study. Presently, we studied the impact of the transference of DCs primed with P10 to mice prior to or after intratracheal (i.t.) challenge with the virulent Pb18 isolate of P. brasiliensis. We show that administration of P10-primed DCs is therapeutic in mice with established PCM. Furthermore, we demonstrate that P10-primed DCs given prior to challenge with P. brasiliensis significantly attenuate subsequent disease. Hence, P10-primed DCs appear to be an excellent candidate for further study as a potential therapeutic for severe cases of PCM in human patients or for development as a prophylactic for individuals at risk for severe disease.
MATERIALS AND METHODS
Animal use and ethics statement. BALB/c, 6-to 8-week-old male mice were bred at the University of São Paulo animal facility under specific pathogen-free conditions. All animals were handled in accordance with good animal practice as defined by the relevant national animal welfare bodies, and all in vivo testing was approved by the Institutional Animal Care and Use Committee of the University of São Paulo.
Fungal strain. Virulent P. brasiliensis Pb18 yeast cells were maintained by weekly passages on solid Sabouraud medium at 37°C and were used after 7 to 10 days of growth. Before experimental infection, the cultures were grown in modified McVeigh-Morton medium (MMcM) at 37°C for 5 to 7 days (33) . The fungal cells were washed in phosphate-buffered saline (PBS; pH 7.2) and counted in a hemocytometer. The viability of fungal suspensions, determined according to methods described previously by staining with Janus green B (Merck, Darmstadt, Germany), was always higher than 90% (21) .
Dendritic cells. Bone-marrow-derived DCs were generated according to previously described methods (18, 23) . Briefly, femurs and tibias were flushed with 5 ml of RPMI. Bone marrow cells were differentiated into DCs by culturing in RPMI (Vitrocell, Campinas, Brazil) supplemented with 10% fetal calf serum (FCS; Vitrocell), 20 g/ml gentamicin (Gibco BRL Life Technologies, NY), and recombinant cytokines GM-CSF (30 ng/ml) and IL-4 (15 ng/ml), both from Peprotech, Rocky Hill, NJ, for seven days. On the third day, nonadherent cells were removed and further incubated with fresh medium and growth factors. On the fifth day, the supernatant was centrifuged, the pellet was plated again, and the medium with growth factors was replaced. On the seventh day, the nonadherent cells were removed and analyzed by fluorescence-activated cell sorting (FACS; BD FACSCanto) using DC cell surface markers. Approximated 70% of the cells were CD11c ϩ MHC class II ϩ . The other cells (30%) were granulocytes, lymphocytes, and macrophages. The macrophages displayed an immature phenotype, with no expression of MHC-II, CD80, or CD86 (data not shown).
In vitro cell proliferation induced by P10-pulsed DCs. Peptide P10 was produced as described previously (39) and diluted in PBS with 20% of dimethyl sulfoxide (DMSO). Footpads of mice were injected with either 10.2 M P10 (group 1) or PBS only (control, group 2). After 7 days, the spleens were harvested and the splenocytes were dispersed manually. The cells were collected by centrifugation (450 ϫ g), and the pellets were suspended in RPMI 1640 supplemented with 20 mM NaHCO 3 , 10 mM HEPES, 20 g/ml gentamicin, 2 mM L-glutamine, 50 mM ␤-mercaptoethanol, 5 mM sodium pyruvate, and 100 mM nonessential amino acids with 1% fetal calf serum (FCS). The splenocytes of immunized or control mice were cultured in flat-bottom 96-well microtiter plates at a final concentration of 4 ϫ 10 5 cells/well. DCs were added to the designated wells at a 3:1 DC-to-spleen-cell ratio. The following controls were used: spleen cells alone, with P10 only, or with P10-primed DCs. The P10-primed DCs were generated by incubating 3 ϫ 10 5 DCs for 2 h with 2.55 M P10. Concanavalin A-primed DCs were also used as a control. The plates were incubated for 72 h at 37°C and 5% CO 2 . Proliferation was determined using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assays as described previously (29), and the results (based on the optical density) are means of triplicate determinations.
Intratracheal infection of BALB/c mice. BALB/c mice were inoculated intratracheally (i.t.) with virulent P. brasiliensis Pb18. Briefly, mice were anesthetized intraperitoneally (i.p.) with 200 l of a solution containing 80 mg/kg ketamine and 10 mg/kg of xylazine, both from União Química Farmacêutica, Brazil. For inoculation, a mouse's neck was hyperextended, the trachea was exposed at the level of the thyroid, and 3 ϫ 10 5 yeast cells in PBS were injected i.t. using a 26-gauge needle. A maximum of 50 l was inoculated per mouse. Incisions were sutured with 5-0 silk.
Transference of P10-pulsed DCs into infected mice with P. brasiliensis. Priming of DCs was achieved by incubating 3 ϫ 10 5 DCs with 2.55 M P10 for 2 h. The DCs were washed three times with PBS prior to use in immunization regimens. For the therapeutic protocols, animals were infected i.t. with 3 ϫ 10 5 yeast cells, and they subsequently received 2 doses of 3 ϫ 10 5 DCs primed with P10 in 50 l PBS on days 31 and 38 after infection. Groups of mice were immunized by either intravenous (via tail vein) or subcutaneous (footpad) injection of DCs. These mice were sacrificed 7 days after the second immunization, at day 45 after infection. We also examined the impact of a single subcutaneous immunization at day 15 after infection in which mice were sacrificed 7 days later, at day 21 after infection. For the prophylactic protocol, mice were immunized by either intravenous (via tail vein) or subcutaneous (footpad) routes with 3 ϫ 10 5 DCs pulsed with P10 in 50 l PBS and then infected i.t. 24 h after immunization. The mice in the prophylactic protocol were sacrificed 30 days after infection. For both the treatment and prophylactic protocols, control groups included mice that received only PBS or unprimed DCs.
Fungal burden in organs of infected mice. Mice were sacrificed at the specified days after i.t. infection, and fungal burdens were determined by CFU. Sections of lungs were removed, weighed, and homogenized in 1 ml of PBS. Samples (100 l) were plated on solid brain heart infusion (BHI) medium supplemented with 4% fetal calf serum (Gibco, NY), 5% spent P. brasiliensis (strain 192) culture medium, 10 IU/ml streptomycinpenicillin (Cultilab, Brazil), and 500 mg/ml cycloheximide (Sigma, St. Louis, MO) (10) . Petri dishes were incubated at 37°C for at least 10 days, and colonies were counted (1 colony ϭ 1 CFU).
Histopathological analyses. Sections of murine lungs were also fixed in 10% buffered formalin and embedded in paraffin for sectioning. The sections were stained by the Gomori-Grocott method and examined microscopically.
Cytokine detection. Sections of excised lungs were homogenized in 2 ml of PBS in the presence of protease inhibitors: benzamidine HCl (4 mM), EDTA disodium salt (1 mM), N-ethylmaleimide (1 mM), and pepstatin (1.5 mM) (Sigma, St. Louis, MO). The supernatants were assayed for IL-4, IL-10, IL-12, and IFN-␥ using enzyme-linked immunosorbent assay (ELISA) kits (BD OpTeia, San Diego, CA). The detection limits of the assays were as follows: 7.8 pg/ml for IL-4, 31.3 pg/ml for IFN-␥ and IL-10, and 62.5 pg/ml for IL-12, as previously determined by the manufacturer.
Statistical analysis. Results were analyzed using GraphPad 5.0 software (GraphPad Inc., San Diego, CA). Statistical comparisons were made by analysis of variance (one-way ANOVA) followed by a Tukey-Kramer posttest. All values were reported as the mean Ϯ standard error of the mean (SEM). P values of Ͻ0.05 indicated statistical significance.
RESULTS
Cell proliferation induced by P10-primed DCs. The ability of P10-primed DCs to induce cell proliferation of splenocytes from animals previously immunized with P10 was demonstrated. Splenocytes from BALB/c mice previously immunized subcutaneously with P10 were isolated and cocultured in the presence of P10 at 2.55 M or with P10-primed DCs. Coculture with in vitro P10-primed DCs induced a 3-fold-higher proliferation than splenocytes incubated with P10 alone (Fig. 1) . The proliferation of splenocytes incubated with P10 alone was similar to that of controls without antigen.
Immunization with P10-primed DCs reduces fungal burden. We used several protocols to evaluate whether immunization with P10-pulsed DCs could reduce fungal burdens. The experiments were performed three different times, with a total of 15 animals for each group tested. In the therapeutic protocol, where treatment was initiated after 30 days of infection, the two injections of P10-primed DCs were sufficient to significantly reduce the fungal burden in the lungs of infected mice compared to the fungal burden in the lungs of those that did not receive any treatment or were injected with unprimed DCs (Fig. 2) . We also observed that both routes of administration of the P10-primed DCs, intravenous and subcutaneous, produced similar results. We also tested a therapeutic protocol in which the animals were infected i.t. and after 15 days of infection were treated with one dose of P10-primed DCs and sacrificed 7 days after immunization. The results of this protocol were similar to those observed with the previous therapeutic protocol after 30 days of infection (data not shown).
However, in a prophylactic protocol (Fig. 3) , different results were obtained depending on route of vaccination. Notably, a significant reduction of the fungal burden in the lungs was achieved when mice were immunized with the P10-primed DCs subcutaneously prior to infection. In contrast, mice intravenously immunized with the P10-primed DCs had fungal burdens similar to those of the infected control animals.
Cytokine pattern induced by immunization with P10-primed dendritic cells. Cytokine levels were measured in the lung tissue of i.t. infected mice. As shown in Fig. 4 , the therapeutic protocol groups that received P10-pulsed DCs via either the intravenous or subcutaneous route had significantly higher levels of the proinflammatory cytokines IL-12 and IFN-␥ than the control groups. Additionally, the levels of IL-10 were significantly reduced in both P10-pulsed-DC-treated groups, and IL-4 was not detected.
As depicted in Fig. 5 , the prophylactic protocol group that received P10-primed DCs subcutaneously had significantly increased levels of IL-12 and IFN-␥ and reduced levels of IL-10. However, the group that received the vaccine intravenously did not show a significant increase of IL-12 or IFN-␥, but IL-10 was reduced. The IL-4 levels did not differ between groups subjected to the prophylactic protocol. primed DCs via intravenous or subcutaneous injection displayed significantly less lung tissue infiltration, few intact yeast cells, and large areas with preserved architecture (Fig. 6 ). In the prophylactic protocol, similar beneficial results were observed only in the group of animals that received P10-primed DCs by the subcutaneous route. The group prophylactically treated intravenously showed a pattern similar to that of the infected control mice (Fig. 7) . 
DISCUSSION
Current antimicrobial regimens for paracoccidioidomycosis require months to years of administration, carry risks for serious side effects, and result in frequent relapses (reviewed in reference 35). Peptide P10 induces strong, protective immunological responses, which makes it a lead candidate for a therapeutic vaccine against paracoccidioidomycosis. With or without adjunctive chemotherapy, P10 coadministered with adjuvant is highly effective at reducing the burden of P. brasiliensis from infected mice (24, 39) .
DCs are potent stimulators of the immune response. Most importantly, they are capable of activating naive T cells by presenting peptide antigens and expressing high levels of costimulatory molecules (reviewed in reference 4). In the vaccine formulation used in this work, DCs were incubated with the peptide for 2 h, which provided sufficient time for the immature DCs to capture peptide antigens directly from the extracellular medium and rapidly display them for subsequent presentation to T lymphocytes (34) . DCs can stimulate T cells at low concentrations of P10, and a single dendritic cell is able to activate 100 to 3,000 T cells (reviewed in reference 5). An additional benefit of DC vaccination is that adjuvants are not necessary.
The in vitro sensitized cell proliferation experiment showed that P10 at a concentration of 2.55 ⌴ was not sufficient to induce splenocyte proliferation. However, coculture of splenocytes with DCs preincubated with 2.55 ⌴ P10 resulted in significant splenoncyte proliferation. These results highlight the efficiency of DCs in antigen presentation and initiation of cellular response, with activation of sensitized or naive T cells (38) .
In the present work, we examined the administration of P10-primed DCs via intravenous and subcutaneous routes. We studied the subcutaneous route, as previous reports show that injection of DCs into footpads resulted in the migration of significant numbers of these cells into draining lymph nodes within 24 h (3, 25) . In our treatment protocols, we found that injection of primed DCs via either the intravenous or subcutaneous route in established PCM produced similar protective results, both in reducing fungal burden and stimulating a Th1-biased cytokine response. However, the route of vaccination was of critical importance when P10-primed DCs were administered prior to challenge with P. brasiliensis. Although subcutaneous vaccination led to lower pulmonary fungal burdens and Th1-biased cytokine responses, disease in mice that received intravenous vaccination with P10-primed DCs was similar to that in infected control animals. Hence, subcutaneously administered P10-primed DCs that migrated to draining lymph nodes were more effective in activating naïve T cells to elicit a Th1-biased response compared to DCs injected intravenously. The systemic injection of DCs results in their preferential distribution on the lungs, liver, and spleen (14, 17, 22, 30) . The preferential migration of the intravenously injected DCs to the lungs prior to challenge with P. brasiliensis may result in tolerance to the targeted antigen and increasing susceptibility of the animal to subsequent infection, similar to what occurs with allergic sensitization (16) . The effect is different in the presence of established P. brasiliensis disease. In this situation, the intravenously administered P10-primed DCs that rapidly migrated to the lung found an inflammatory environment ripe for regulation.
The cytokines assayed in this study were those that are related to the two major types of immune response in paracoccidioidomycosis. IFN-␥ and IL-12 are representative of a Th1 response, which is protective against the fungal agent (2, 6, 7). In contrast, IL-4 and IL-10 are representative of a Th2 response, which aggravates the disease (2, 6). However, depending on the degree of inflammation caused by the Th1 response, the anti-inflammatory Th2 cytokines are essential to reach a balance with the Th1 cytokines in order to generate an appropriate protective immune response (42) . The cytokine milieu achieved in infected mice after the intravenous or subcutaneous administration of P10-primed DCs demonstrated increased levels of Th1 cytokines with a concomitant decrease in Th2 cytokines. In contrast, only the subcutaneous administration of P10-primed DCs resulted in an increase in Th1 cytokines, and there was a mixed Th2 response, with only IL-10 decreasing. Histopathology of the mice that received P10-primed DCs intravenously or subcutaneously after infection was established or subcutaneously prior to challenge with P. brasiliensis revealed that the lungs of these mice had significantly lower numbers of epithelioid granulomas with reduced numbers of viable yeast cells, as confirmed by CFU studies, and large areas of preserved lung tissue. Although the intravenous administration of P10-primed DCs also reduced the concentrations of IL-4, it did not simulate increases in Th1 cytokines, and the fungal burdens and inflammatory changes in the lungs of these mice were similar to infected controls. These results reinforce the import of Th1 responses in protecting against progressive or severe paracoccidioidomycosis. In the therapeutic groups, the ratios of IFN-␥/IL-10 in the mice immunized with P10-primed DCs and challenged with P. brasiliensis were 3-to 5-fold higher than those immunized with unprimed DCs, clearly pointing to the induction of a Th1 response by the P10-primed DCs. This result confirms that a type-1 immune cellular response is the protective pattern in PCM.
In summary, the results show that P10-primed DCs can be protective when administered prior to challenge with P. brasiliensis and that the P10-primed DCs are therapeutic in the setting of established PCM. The effective vaccination routes induce strong Th1-biased responses. Since DCs may be more efficient than nonspecific commercial adjuvants, we propose that P10-primed DCs represent an important therapeutic to pursue for use in the prevention and treatment of paracoccidioidomycosis.
